Deregulation of the ErbB (proto-oncogene B of the avian erythroblastosis virus AEV-H strain) receptor network is well recognized as an oncogenic driver in epithelial cancers. Several targeted drugs have been developed, including antibodies and small-molecule kinase inhibitors, each of them characterized by distinct patterns of ErbB receptor interactions. Understanding the precise pharmacological properties of these compounds is important for optimal use in clinical practice. Afatinib [BIBW 2992; N-[4-[(3-chloro-4-
Introduction
The ErbB (proto-oncogene B of the avian erythroblastosis virus AEV-H strain) signaling network plays a central role in epithelial tissue development and homeostasis. At least 10 different ligands regulate the activity of ErbB receptors, which signal as ligand-induced dimers formed by four related transmembrane receptor tyrosine kinases, EGFR/ErbB-1/HER1, HER2/ErbB-2/neu, HER3/ErbB-3, and HER4/ErbB-4. In the absence of ligand, the extracellular domains of EGFR, ErbB-3, and ErbB-4 adopt an autoinhibited conformation. Ligand binding triggers a conformational change in the extracellular domain, and masked dimerization residues become exposed at the protein surface, thus allowing homodimerization and/or heterodimerization. HER2 differs from other family members because it lacks a reported ligand and its extracellular domain is permanently poised in an "active-like" conformation (GrausPorta et al., 1997; Garrett et al., 2003) . Although controversially discussed (Alvarado et al., 2009) , it has been proposed that HER2 is the preferred heterodimerization partner for other family members (Graus-Porta et al., 1997) .
Receptor dimerization results in the formation of asymmetrical (tail-to-head) complexes of the partnered catalytic domains. In such dimers, one monomer acts as an allosteric activator and induces activation of the intrinsic catalytic activity of the partnered receptor (Zhang et al., 2006) . Specific tyrosine residues within the C-terminal regulatory domain of the activating partner become transphosphorylated and subsequently act as docking sites for adaptor proteins, which engage multiple signaling pathways including the rat sarcoma/rapidly accelerated fibrosarcoma/mitogen-activated protein kinase, the phosphoinositide 3-kinase/AKT/ mammalian target of rapamycin, the Janus kinase/signal transducer and activator of transcription, and the phospholipase C␥/ protein kinase C cascades. The exact nature of the intracellular signal depends on the signaling context, the particular ErbB dimers formed, and the expression of ErbB receptors and their ligands (Tzahar et al., 1996) .
Aberrant signaling through the ErbB growth factor receptor system is found in many types of epithelial cancers (Yarden and Sliwkowski, 2001; Zhang et al., 2007) . Receptor mutations and/or gene amplifications as well as overproduction of particular ligands are among the best-described oncogenic mechanisms. EGFR mutations that disrupt the inactive extracellular conformation (e.g., EGFR variant type III) or induce/stabilize the active form of the intracellular catalytic domain (e.g., L858R point mutation or exon 19 deletions) have been identified and validated as cancer-promoting mechanisms (Lynch et al., 2004; Ji et al., 2006) . Likewise, HER2 gene amplification has been observed in breast and gastric cancer, and ErbB4 mutations have been described in tumor samples from patients with non-small-cell lung cancer, melanoma, and breast and colon cancer (Slamon et al., 1987; Prickett et al., 2009; Bang et al., 2010) .
The increased understanding of the role of ErbB receptor deregulation in cancer promotion triggered the development of a number of therapeutic agents. The armamentarium of approved ErbB-directed drugs includes specific antibodies that prevent ligand binding and/or receptor dimerization (e.g., cetuximab targeting EGFR, trastuzumab specific for HER2) and molecules targeting the intrinsic catalytic activity of ErbB receptors (e.g., gefitinib, erlotinib, or lapatinib). Additional inhibitors are currently in clinical development. These low-molecular-weight compounds generally bind to the ATP pocket of the enzymes, but show remarkable diversity in their potency for the inhibition of different ErbB family members and EGFR mutant isoforms. Although some inhibitors bind reversibly to either the inactive or the active conformation of the kinase domains, others contain a reactive chemical group potentially allowing the formation of a covalent bond to the active site of the target (Eck and Yun, 2010) .
Understanding the selectivity and binding mode of an ErbB-directed small molecule is an important prerequisite for its optimal use in the clinical setting. In contrast to currently approved ErbB kinase inhibitors with reversible binding mode (i.e., erlotinib, gefitinib, and lapatinib), afatinib [BIBW 2992; N-[4-[(3-chloro-4-fluorophenyl) 
, which is currently being assessed in clinical phase III trials in patients with lung, breast, and head and neck cancer (Li et al., 2008; www. clinicaltrials.gov) contains an electrophilic group capable of Michael addition to conserved cysteine residues within the catalytic domains of EGFR (Cys797), HER2 (Cys805), and ErbB-4 (Cys803). Here, we show for the first time that afatinib covalently binds to its targets and irreversibly inhibits their enzymatic activity, which results in the inhibition of ErbB-4 and long-lasting cellular activity.
Materials and Methods
Cell Culture and Reagents. All cells were obtained from the American Type Culture Collection (Manassas, VA) and cultured according to the provider's instructions. Master stocks have been generated and authenticated by single-nucleotide polymorphism chip analysis by using the Sanger Institute databases (http://www. sanger.ac.uk/resources/databases/) as reference. ErbB kinase domains 0102-0000-1 (EGFR), 0724-0000-1 (EGFR T790M ), 0725-0000-1 (EGFR T790M/L858R ), 0108-0000-1 (ErbB2), and 0109-0000-1 (ErbB4) were obtained as expressed glutathione transferase (GST)-fusion proteins in Sf9 cells (ProQinase, GmbH, Freiburg, Germany) .
Surface Plasmon Resonance Evaluation. Surface plasmon resonance (SPR) monitoring mass density changes was used to measure drug-target interactions. All SPR experiments were performed at Beactica AB (Uppsala, Sweden) on a Biacore T100 instrument (Biacore AB, Uppsala, Sweden). GST-His6-tagged kinase domains (His672-Ala1210) of EGFR for wild type (EGFR WT ) and the L858R/ T790M variant (ProQinase) were injected over a CM3 sensor chip (Biacore AB), coated with anti-His6 antibodies (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK), using 25 mM Hank's balanced salt solution (Sigma, St. Louis, MO), 0.05% Tween 20 (BHD/Prolado; VWR, West Chester, PA), pH 7.4 as running buffer. All interaction experiments were carried out at 25°C at a final dimethyl sulfoxide concentration of 5% (v/v) in running buffer at a flow rate of 30 l/min. The pH of this running buffer was adjusted to pH 7.0 or 8.0 by using sodium hydroxide. Compounds were analyzed at 200 nm concentration by using 300-s contact time followed by 600-s dissociation time. All measurements were performed at least three times. Data were analyzed by using Biacore T100 software 2.0 or BIA evaluation software 4.1 (Biacore AB). Reference and blank subtracted data were corrected for baseline drift and normalized before data analysis. The interaction models were fitted to the data for each compound and protein surface separately. For EGFR WT , up to 1000 response units of protein with high (70 -100%) surface activity could be reached, whereas capture of the EGFR L858R/T790M variant resulted in lower surface activity (30 -50%). None of the compounds tested were found to interact with the immobilized capture antibodies in the concentration range used (data not shown).
Protein Production for Crystallography and Data Analysis. Protein preparation and crystallographic work was done at Proteros Biostructures GmbH (Martinsried, Germany). The protein kinase domain of the human epidermal growth factor receptor (EGFR-KD; Gly696-Gly1022, numbering according to SwissProt entry P00533) was cloned in pFastBac 1 as a thrombin-cleavable GST fusion. Recombinant baculovirus was produced by using the Bac-to-Bac-system, and the protein was expressed by infection of Sf9 cells with high titer virus stock in 10L single-use bioreactors (Wave Biotech; GE Healthcare). Cells were controlled for infection and viability, harvested 48 to 64 h after infection, and stored at Ϫ80°C until purification. For purification, cells were thawed in 40 ml of lysis buffer (1ϫ PBS supplemented with 10% glycerol, 5 mM ß-mercaptoethanol, and protease inhibitor tabs) per liter of culture medium and lysed by using an Ultra-Turrax device (IKA Works, Inc., Wilmington, NC). After centrifugation, the lysate was loaded onto a glutathione Sepharose column (GE Healthcare) equilibrated in lysis buffer without protease inhibitor, and bound protein was eluted by using 20 mM Tris/Cl, pH 8.0, 150 mM NaCl, 10% glycerol, 10 mM glutathione, and 5 mM dithiothreitol (DTT). The GST tag was removed by using thrombin (GE Healthcare), and EGFR-KD was separated from GST by a second passage over the same column. The flow-through of this column was pooled, and EGFR-KD was purified to Ͼ90% homogeneity as judged by SDS-polyacrylamide gel electrophoresis on a SuperAfatinib, an Irreversible Inhibitor of EGFR, HER2, and ErbB4 dex75 column (GE Healthcare) equilibrated in 50 mM Tris/Cl, pH 8.0, 500 mM NaCl, 10% glycerol, and 5 mM DTT. For crystallization, the protein was buffer-exchanged by using NAP25 columns (GE Healthcare).
The T790M-mutant was generated by using the QuikChange sitedirected mutagenesis kit (Agilent Technologies, Santa Clara, CA), and the mutant protein was produced by following the protocols for the wild type.
Crystallization of wild-type EGFR-KD was performed similar to previously described procedures (Stamos et al., 2002) . Before crystallization protein was concentrated to a final concentration of 12 mg/ml in 20 mM Tris, pH 8.0, 0.1 mM benzamidine, and 1 mM DTT. This buffer was also used for protein dilution before crystallization. The sample was filtrated before setup of drops (0.22 m centrifugal filter units; Millipore Corporation, Billerica, MA). Crystals of wildtype EGFR-KD with benzamidine were produced by vapor diffusion setup. Drops were set as follows: 0.5 l of protein (8 mg/ml, dilution buffer see above) was mixed with 0.5 l of reservoir solution in hanging drops. The reservoir solution contained 1.4 M KNa-tartrate, 0.1 M HEPES, pH 7.0, and 2 mM DTT. Crystals appeared after 1-day incubation at 20°C. For soaking crystals were transferred to a solution containing 5 mM afatinib, 1.5 M KNa-tartrate, 0.1 M HEPES, pH 7, and 5% dimethyl sulfoxide. Crystals were soaked overnight by transfer to 25% glycerol in reservoir and direct freezing in liquid nitrogen.
For crystallization of the T790M mutant, before crystallization 1 M afatinib was added to the protein before concentrating the protein to a final concentration of 8 mg/ml in the buffer containing 50 mM Tris, pH 8.0, 500 mM NaCl, 10% glycerin, and 5 mM tris(2-carboxyethyl) phosphine hydrochloride. Crystals of EGFR-KD were produced by vapor diffusion setup. Drops were set as follows: 0.5 l of protein was mixed with 0.5 l of reservoir solution in hanging drops. The reservoir solution contained 27% polyethylene glycol 6000, 0.3 M NaCl, 0.1 M HEPES, pH 8.0, and 5 mM tris(2-carboxyethyl) phosphine hydrochloride (Yun et al., 2008) . Crystals appeared overnight at 20°C. The X-ray diffraction data were collected from cocrystals of EGFR or EGFR T790M with afatinib at the Swiss Light Source synchrotron facility (Villigen, Switzerland) under cryogenic conditions. Data were processed by using the XDS package (Kabsch, 2010) . The phase information necessary to determine and analyze the structures was obtained by molecular replacement. A published model of EGFR (Protein Data Bank ID code 1M17) (Stamos et al., 2002) was used as a search model. Subsequent model building and refinement was performed according to standard protocols with the CCP4 (Collaborative Computational Project, Number 4, 1994) and COOT (Emsley et al., 2010) software packages. Statistics of the final structures and the refinement processes are listed in the Supplementary Material. The coordinates of EGFR and EGFR T790M complexed with afatinib as well as the respective structure factors have been deposited at the Protein Data Bank under accession codes 4G5J and 4G5P.
Mass Spectrometric Analyses. The recombinant enzymes EGFR, EGFR T790M/L858R , HER2, and ErbB-4 (ProQinase) tagged with a GST-His tag were captured on a Ni-IMAC column (Ni-NTA Superflow; QIAGEN, Valencia, CA) and washed with 50 mM HEPES pH 7.5 buffer to remove glutathione and DTT. The immobilized proteins were incubated with a 10-fold (EGFR isoforms) to 20-fold molar excess of afatinib for 60 (EGFR isoforms) or 120 min at 37°C, and free afatinib was removed by washing before pepsin cleavage. Peptic peptides were collected from the supernatant after centrifugation, separated on a C18 column (Luna C18; Phenomenex, Torrance, CA), and collected for electrospray ionization-tandem mass spectrometry (MS/MS) analysis (Dionex Ultimate 3500 NCS; Thermo Fisher Scientific, Waltham, MA). Chemically synthesized peptides covalently modified with afatinib corresponding to the pepsin cleavage product were used as reference for high-performance liquid chromatography and electrospray ionization-MS/MS analyses.
Kinase Inhibition Assays. Nonradioactive in vitro kinase assays were performed as described previously (Solca et al., 2004; Li et al., 2008) . The final ATP concentrations were adjusted individually to saturation (50 M for EGFR and 250 M for HER2). ErbB-4 kinase activity was determined in a radioactive kinase assay format (Solca et al., 2004; Li et al., 2008) at a final ATP concentration of 50 M.
Transient Transfection Experiments. The full-length ErbB-4 receptor (transcript variant JM-a/CVT-1 with GenBank accession number NM_005235) was cloned into the pCMV6-XL4 vector (GenBank accession number AF067196) and used for transient transfection experiments in NIH-3T3 cells. Expression of ErbB-4 was timedependent and maximal 48 h postinfection. Cellular assays were performed as described above. HER4 was detected by Western blot analyses from transfected cell extracts by using a rabbit monoclonal antibody HER4/ErbB4 clone 83B10 (Cell Signaling Technology, Danvers, MA).
Cellular EGFR and HER2 Phosphorylation Assays. The enzyme-linked immunosorbent assay methods used for assessing EGFR and HER2 phosphorylation in cellular models were reported previously (Solca et al., 2004; Li et al., 2008) . In brief, 1 ϫ 10 4 near-confluent A431 cells (American Type Culture Collection), NCI-H1975 cells (American Type Culture Collection), or 2 ϫ 10 4 BT474/ HTB-20 cells (American Type Culture Collection) were used for the enzyme-linked immunosorbent assay experiments. For phospho-EGFR determination serial dilutions of compounds were incubated for 1 h before EGF stimulation (Promega, Madison, WI; 100 ng/ml) for 10 min at room temperature. Cells were washed two times with ice-cold PBS before extraction as described previously (Li et al., 2008) . To detect HER2 phosphorylation in BT474 cells ligand stimulation was not necessary, because these cells display constitutive HER2 phosphorylation under the culture conditions. Therefore, a 100-l aliquot of 2ϫ HEPES buffer was directly added to each well after the 1-h incubation period with compounds. Extractions were performed on a microtiter plate shaker for 1 h. Cellular Proliferation Assays. The effect of ErbB inhibitors on cellular proliferation was tested in various assay formats including anchorage-dependent (BT474 cells grown on plastic; two-dimensional assays) and anchorage-independent (NCI-H1975 cells grown in soft agar; three-dimensional assays) assays. BT474 cells growing in Dulbecco's modified Eagle's medium (Lonza Walkersville, Inc., Walkersville, MD) were harvested, counted, and used for the fluorescence assay according to the method of Dengler et al. (1995) . In brief, 2 ϫ 10 4 cells were seeded in 90 l of medium in each well of a 96-well flat-bottomed microtiter in the presence of serial dilutions of test compounds diluted in 10% dimethyl sulfoxide/PBS to a final assay concentration of 1%. The concentration of the test compounds covered a range between 50 M and 0.8 nM. Each drug concentration was plated in duplicate. After 96 h of continuous drug exposure nonviable cells were stained by addition of 25 l/well of a propidium iodide solution (50 g/ml). The basal fluorescence (FU1) was measured after 10 min of incubation in the dark by using a Labsystems Fluoroskan II micro-plate reader (Global Medical Instrumentation, Inc., Ramsey, MN; excitation 544 nm; emission 612 nm). After measurement, the culture medium was removed, and cells were permeabilized by freezing the plates at Ϫ80°C for at least 90 min. After thawing, propidium iodide (100 l/well of 12.5 g/ml) was added to the plates, which were incubated for 10 min at room temperature in the dark. A second fluorescence measurement (FU2) was taken to estimate the amount of total cells. The number of viable cells was calculated as the difference between these two measurements (FU2-FU1). The data were analyzed by using the program Prism (GraphPad Software, Inc., San Diego, CA). The inhibitor concentrations were transformed to logarithmic values, and the raw data were normalized. The normalized values were used to calculate the EC 50 by a nonlinear regression curve fit (sigmoidal dose-response; variable slope). NCI-H1975 cells (American Type Culture Collection) were grown in RPMI 1640 medium supplemented with 10% fetal calf jpet.aspetjournals.org Downloaded from serum and prepared for three-dimensional assays (0.3% sea plaque agarose top layer) as described previously (Li et al., 2008) .
Results
Biochemical and Biophysical Characterization of Kinase Inhibitor Interactions. The inhibitory profile of afatinib in biochemical EGFR and HER2 kinase assays has been reported previously (Li et al., 2008) . Afatinib is a highly potent inhibitor of wild-type EGFR (EC 50 ϭ 0.5 nM) and HER2 (14 nM) and the oncogenic mutants EGFR L858R (0.4 nM) and EGFR L858R/T790M (10 nM), the latter is known to be associated with resistance to approved EGFR inhibitors like erlotinib. We have now expanded those observations to include assessments on ErbB-4 inhibitory activity and a comparison with structurally distinct ErbB kinase inhibitors. Furthermore, we have designed, synthesized, and profiled N- [4-[(3-chloro-4-fluorophenyl) 
, a compound with close structural similarity to afatinib that lacks the reactive double bond and thus is incapable of forming a covalent bond to the catalytic site cysteine residues (Fig. 1) . The new biochemical data (Table 1) reveal that afatinib also potently inhibits the kinase activity of ErbB-4 with an EC 50 of 1 nM. In comparison with afatinib, BI 37781, which showed similar potency on wild-type EGFR, was 5-fold less active on the L858R EGFR mutant, EGFR L858R/T790M , HER2 and, most strikingly, ErbB-4 with a 500-fold loss (EC 50 ϭ 544 nM). For comparison (Table 1) , we included additional EGFR inhibitors in our assays. Canertinib, a kinase inhibitor containing a reactive acrylamide group, showed a selectivity profile similar to afatinib, whereas the reversible inhibitors gefitinib and erlotinib, similar to BI 37781, potently inhibited only EGFR WT and EGFR
L858R
. Compared with afatinib and canertinib, the reversible inhibitor lapatinib was 30-fold less potent on ErbB-4 and failed to inhibit EGFR L858R/T790M even at high concentrations.
We further characterized the binding properties of afatinib and BI 37781 by using SPR technology at physiological pH 7.0. Tight binding to the EGFR targets prohibited accurate determination of rate constants but allowed for qualitative interaction analyses. Various interaction models were tested and compared with the 1:1 model (E ϩ l ª El); of these, the induced-fit model was found to most accurately describe the complex interaction patterns observed (Fig. 2) . In this model the inhibitor forms an initial weak complex with the protein (EI), which then transforms into a tighter complex (EI*) (E ϩ l ª El ª El *). The two EGFR variants differed mainly in the dissociation phases, with SPR sensorgrams showing a much slower dissociation from EGFR WT compared with EGFR L858R/T790M for both compounds. Afatinib dissociated more slowly from EGFR L858R/T790M compared with BI 37781 (Fig. 2A) . The SPR data also shows that under the present experimental conditions afatinib did not completely saturate all binding sites on the biosurface. Further binding analyses were performed at pH 8.0, reasoning that the Cys797 in EGFR would act as a stronger nucleophile thus favoring covalent bond formation. In line with this hypothesis, slower dissociation was observed at pH 8.0 compared with pH 7.0 for afatinib on both protein variants, whereas BI 37781 displayed essentially identical interaction patterns at both pH values (Fig. 2B) .
The crystal structure of the afatinib/EGFR kinase domain complex was solved at 2.8-Å resolution (R cryst ϭ 20.5%; R free ϭ 25.9%), revealing detailed binding interactions (Fig. 3) . The protein showed bilobal architecture characteristic of the protein kinase superfamily (Fig. 3A) , and structural results are in line with previously reported EGFR kinase domain data (Stamos et al., 2002) . A rather long hydrogen bond (3.3 Å) was formed between the amide nitrogen of Met793 at the hinge region and the quinazoline core of the inhibitor 
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at ASPET Journals on July 8, 2017 jpet.aspetjournals.org (Fig. 3B) . Most important, in addition to the noncovalent interactions, the electron density clearly showed a covalent bond formed between Cys797 at the edge of the active site and the Michael-acceptor group of afatinib. During the refinement process, the bond length for the C-S link was restrained to 1.82 Å. As shown in Supplemental Fig. 3S1 the electron density unambiguously indicates the formation of the covalent C-S bond. The structure of the EGFR T790M mutant in complex with afatinib was also solved (Protein Data Bank ID code 4G5P); however, the electron density around the dimethylamine group of afatinib was of lower resolution but suggested the formation of a covalent bond to Cys797. For confirmation, alternative approaches to prove the covalent interaction with this EGFR mutant were performed.
For this purpose target-inhibitor complexes were analyzed by MS. The purified kinase domains of EGFR WT , EGFR L858R/T790M , HER2, and ErbB-4 were incubated with afatinib and digested with pepsin, and afatinib-peptide adducts were separated by liquid chromatography/MS). The MS/MS spectra for all four constructs showed a peak at 520.17 Da that could be assigned to afatinib (486.18 Da) containing a protonated sulfur atom (34 Da), which originated from the respective Cys797 of EGFR, Cys805 of HER2, or Cys803 of ErbB-4 residues. For further confirmation, we compared the spectra resulting from a synthetic reference peptide derived from EGFR L858R/T790M and the peptic peptide adduct obtained under experimental conditions. The data reported in Fig. 4 show that both spectra were essentially identical, confirming that afatinib covalently engages the EGFR L858R/T790M mutant at residue 797. Similar MS/MS spectra were generated by using the reference peptides for HER2 and ErbB-4, corroborating covalent modification at Cys805 and Cys803, respectively (see Supplemental Fig. 4 , S1 and S2, respectively). The identification of ion peaks corresponding to afatinib plus a sulfur atom and corresponding peptide adducts in the MS/MS spectra of EGFR [wild type (data not shown) as well as T790M], HER2, and ErbB-4 (Fig. 4 at ASPET Journals on July 8, 2017
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4, S1 and S2) unequivocally demonstrates the ability of afatinib to form a covalent bond with all enzymatically active ErbB receptors. The observation that a peak representing an afatinib-cysteine adduct is lacking in both the experimental sample and the control peptide is best explained by the high fragmentation energy used in these experiments, a phenomenon that has been observed previously (Oberth and Jones, 1997; Sleno et al., 2007) .
Cellular Activity of ErbB Inhibitors. The differences between afatinib and its close analog BI 37781 revealed by binding and enzymatic assays were more pronounced in cellular assays. Both compounds potently inhibited EGFR signaling (autophosphorylation assay in cancer cell lines expressing wild-type EGFR (A431, EC 50 ϭ 8 and 17 nM, respectively). Whereas afatinib also inhibited signaling in cell lines expressing mutant EGFR L858R/T790M (NCI-H1975, 
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jpet.aspetjournals.org Downloaded from 49 nM) or HER2 (BT474, 75 nM), BI 37781 did not potently inhibit signaling in these cell lines displaying EC 50 values above 500 nM. The difference in inhibitory profile was confirmed in proliferation assays where afatinib displayed nanomolar activity (NCI-H1975, 92 nM; BT474, 54 nM), whereas BI 37781 was ineffective even at high concentrations (Ͼ4000 nM). In agreement with this observation, the irreversible inhibitor canertinib showed an inhibitory profile similar to afatinib, whereas the reversible inhibitors gefitinib and erlotinib showed activity similar to that of BI 37781 (Table 1) . Because afatinib has been shown to interact with and inhibit ErbB-4 protein expression, ErbB-4 phosphorylation was determined after 2 h of incubation with kinase inhibitors in NIH3T3 mouse fibroblasts transfected with a plasmid encoding full-length ErbB-4 (Fig. 5A) . Inhibition of constitutive ErbB-4 phosphorylation by afatinib started at 30 nM and was complete at 300 nM. Whereas the covalent inhibitor canertinib showed full inhibition at 1000 nM, the noncovalent inhibitors lapatinib, gefitinib, and erlotinib had no detectable effect on ErbB-4 phosphorylation at this concentration.
Cellular washout experiments were performed to explore whether irreversible enzyme inhibition by covalently binding inhibitors results in prolonged duration of action. To this end, A431 cells expressing wild-type EGFR were incubated overnight in serum-free media to induce receptor dephosphorylation. Pretreatment with reversible and irreversible ErbB inhibitors at 300 nM for 1 h prevented EGF-induced EGFR activation in all cases (Fig. 5B) . When the cells were washed after exposure to the inhibitors and incubated for 8 h before the addition of EGF, receptor phosphorylation was observed only in cells pretreated with reversible inhibitors (BI 37781 and gefitinib), whereas activation was prevented in cells treated with irreversible inhibitors (afatinib and canertinib).
A lag time of 24 to 48 h was necessary for these cells to regain full sensitivity to EGF stimulation, which is in line with the kinetics of de novo EGFR biosynthesis in this cell line (Decker 1984) . These results suggest that covalent EGFR inhibitors might have advantages compared with reversible inhibitors because of their long-lasting inhibition of receptor phosphorylation. . Chemically synthesized EGFR peptide amino acids 791-798, covalently modified with afatinib (A) and the corresponding peptide, isolated from the EGFR T790M/L858R kinase domain after incubation with afatinib (B) were resolved by liquid chromatography/tandem mass spectrometry. The peptide sequence was derived from information of b-and y-ion fragmentation series, isotopic distribution patterns of fragments, and the mass of the parent ion. Identified ions of the band y-ion fragmentation series have been annotated.
Discussion
Inhibition of aberrant ErbB receptor signaling has been at the forefront of personalized medicine in various indications including breast, colon, lung, and stomach cancer. Targeted drugs including monoclonal antibodies (cetuximab, panitumumab, and trastuzumab) and ATP-competitive kinase inhibitors (gefitinib, erlotinib, and lapatinib) have been approved by health authorities. Newer chemical entities targeting ErbB receptors were designed to covalently engage their targets characterized by cysteine residues in the active site, assuming that this might translate into higher selectivity and longer residence time and, ultimately, into better efficacy (Copeland et al., 2006; Singh et al., 2011) . The initial synthetic work by Fry et al. (1994) on EGFR inhibitors paved the way for the development of such compounds. We have conducted a chemical synthesis program aiming for the discovery of irreversible inhibitors targeting all enzymatically active ErbB receptors in homodimeric and heterodimeric complexes, reasoning that drugs displaying a profile such as afatinib would provide an effective, long-lasting blockade of aberrant ErbB receptor signaling in multiple types of cancer. To more closely examine the role of irreversible target binding, we have synthesized a tool compound, BI 37781, which is almost identical in structure to afatinib except that the reactive double bond required for covalent binding to cysteine residues was replaced by a single bond.
Using SPR analysis as a biophysical approach to characterize drug-target interactions we observed that at pH 7.0 the sensorgrams of wild-type EGFR exposed to afatinib or BI 37781 were very similar. In contrast, afatinib dissociated more slowly than its analog from mutant EGFR L858RT790M . Additional interaction analyses showed that at conditions favoring covalent bond formation (pH 8) afatinib dissociated more slowly from both wild-type and mutant targets than BI 37781, a result in line with covalent bond formation. X-ray crystallography of afatinib in complex with the kinase domain of wild-type EGFR unequivocally proved the formation of a covalent bond to Cys797 and also revealed that afatinib binds to the kinase in its active conformation. This binding mode contrasts with the one of lapatinib, which reportedly requires the inactive conformation to accommodate the larger aromatic group attached to the aniline (Wood et al., 2004) . The crystal structure of the EGFR T790M variant in complex with afatinib hinted toward covalent binding (Protein Data Bank ID code 4G5P), and the binding mode was further investigated by using mass spectrometry. Using this approach we could demonstrate the ability of afatinib to chemically react and form a covalent bond under physiological conditions (pH 7.5; 37°C) with EGFR, EGFR L858R/T790M , HER2, and ErbB-4. However, because it had been reported that some types of covalent binding, such as Michael addition can be reversible (Lin et al., 2008) , we wanted to show that covalent binding is also relevant in cancer cells. To this end, we investigated functional differences between afatinib and its analog BI 37781 in biological systems and included additional, well described tyrosine kinase inhibitors for comparison, including compounds capable of covalent binding (canertinib) and others (erlotinib, gefitinib, and lapatinib), which, like BI 37781, lack chemical reactivity. We observed that inhibition of proliferation of EGFR L858R/T790M -containing lung cancer cells seems to require the presence of the Michael acceptor group (EC 50 afatinib and canertinib, 0.1 M; all other compounds, Ͼ4 M). Because clonal emergence of EGFR T790M mutations is the cause of drug resistance in approximately 50% of patients with non-small-cell lung cancer relapsing on erlotinib or gefitinib treatment, these differences in potency may be of clinical relevance. In comparison with afatinib or canertinib, BI 37781, erlotinib, and gefitinib were much less potent inhibitors of BT474 breast cancer cell proliferation that is known to be driven by overexpressed HER2. Lapatinib, in contrast, was almost as potent as the covalent binders, indicating that covalent target interaction is not essential for effective HER2 kinase inhibition. Afatinib was also identified as a potent inhibitor of ErbB-4 activity in cellular assays. Constitutive ErbB-4 phosphorylation in transfected NIH3T3 cells was blocked by afatinib and canertinib, but not by reversible inhibitors. Finally, we observed that the presence of the Michael acceptor group also resulted in prolonged duration of EGFR inhibition in cellular washout experiments. Signaling, as determined by measuring EGFinduced EGFR phosphorylation, was restored at least partially within 8 h and to full extent within 24 h of removal of reversible EGFR binders. In contrast, restoration of kinase activity required up to 48 h after washout of irreversible A, NIH3T3 cells transiently transfected with an ErbB-4 expression vector (48 h) were incubated with kinase inhibitors for 2 h before lysis. The resulting extracts (50 g per lane) were resolved by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, and probed with the rabbit monoclonal antibodies 83B10 (HER4) and 21A9 (phosphorylated ErbB-4; Tyr1284). B, A431 cells were incubated with inhibitors at a final concentration of 300 nM in serum-free media for 1 h before stimulation with 100 ng/ml EGF. The bars in the graph (mean of six replicates) represent the EGFR phosphorylation status at different time points after drug washout.
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at ASPET Journals on July 8, 2017 jpet.aspetjournals.org inhibitors, consistent with the hypothesis that kinase activity can be restored only by de novo biosynthesis of the receptor proteins. These results provide circumstantial evidence for a covalent bond formation in these cells and point to possible pharmacodynamic advantages of irreversibly binding inhibitors, which could provide persistent target inhibition in vivo even after clearance of the drug from the system.
The plasticity of the ErbB network has recently been implicated in resistance to ErbB targeting agents such as cetuximab (Vlacich and Coffey, 2011) or trastuzumab (Narayan et al., 2009) . De novo or acquired resistance to cetuximab can develop through receptor mutations (S492R; Montagut et al., 2012) , ErbB2 amplification and increased heregulin synthesis (Yonesaka et al., 2011) , or generation of HER2 isoforms by alternative splicing (e.g., 611-CTF; Quesnelle and Grandis, 2011) . Likewise, resistance to trastuzumab in breast carcinoma cells may be mediated by increased expression of EGFR and ErbB-3 (Narayan et al., 2009 ) and cognate ErbB ligands (Ritter et al., 2007) or truncated HER2 isoforms such as p95HER2 (Scaltriti et al., 2007) . Our results indicate that afatinib is able to effectively silence aberrant ErbB network activity emanating from all homotypic and heterotypic dimers formed; when used as a single agent or in drug combinations, afatinib thus may delay or prevent emergence of resistance caused by ErbB reprogramming. Ongoing latestage clinical trials evaluating the efficacy and safety of afatinib in patients with cancers of the head and neck, lung (mutant EGFR), and breast (amplified HER2) ultimately will reveal whether the distinct pharmacological features of this compound translate into improved patient benefit.
